Genome-wide association studies (GWAS) for late stage age-related macular degeneration (AMD) have identified 52 independent genetic variants with genome-wide significance at 34 genomic loci. Typically, such an approach rarely results in the identification of functional variants implicating a defined gene in the disease process. We now performed a transcriptome-wide association study (TWAS) allowing the prediction of effects of AMD-associated genetic variants on gene expression. The TWAS was based on the genotypes of 16,144 late-stage AMD cases and 17,832 healthy controls, and gene expression was imputed for 27 different human tissues which were obtained from 134 to 421 individuals. A linear regression model including each individuals imputed gene expression data and the respective AMD status identified 106 genes significantly associated to AMD variants in at least one tissue (Q-value < 0.001). Gene enrichment analysis highlighted rather systemic than tissue-or cellspecific processes. Remarkably, 31 of the 106 genes overlapped with significant GWAS signals of other complex traits and diseases, such as neurological or autoimmune conditions. Taken together, our study highlights the fact that expression of genes associated with AMD is not restricted to retinal tissue as could be expected for an eye disease of the posterior pole, but instead is rather ubiquitous suggesting processes underlying AMD pathology to be of systemic nature.
Typically, GWAS rarely point to genetic variants with a clear functional impact on cellular integrity, particularly since the majority of genetic variants identified by GWAS are located in non-coding, intronic or intergenic regions of the genome. However, the latter variants in particular may play an important role in regulating gene expression 3 . An attractive approach to overcome such limitations of GWAS is to correlate the disease-association of single variants with mRNA expression in a given tissue utilizing large-scale mRNA expression studies. Such analyses result in data known as expression quantitative trait loci (eQTL) 4 .
Generally, eQTL are calculated in healthy tissues to identify genes whose expression is regulated by genetic variation which, in turn, may be useful to further understand disease etiology based on the concurrence of GWAS signals and genetic variation altering gene expression. At present, two studies explored single tissue eQTL in the context of AMD by investigating liver 5 and retinal 6 tissue. These approaches successfully identified eQTL in liver for five AMD loci, and in retina for nine of the 34 AMD-associated loci (Q-value ≤ 0.05). However, for the majority of variants the causative signal remains elusive. Evaluation of local eQTL in the context of complex diseases usually includes only the lead variant of a disease-associated locus as linkage disequilibrium (LD) and haplotype structures complicate the analysis. For AMD, a total of 7,218 variants would need to be investigated, which leads to a high burden for multiple testing potentially obscuring real biological signals.
To overcome the limitations of single eQTL analysis, a promising approach was established and is known as transcriptome wide association study (TWAS). In TWAS more complex models than least squares linear regression are applied. These typically include models used in classical machine learning, such as ridge regression, lasso regression, or elastic net, and aim to determine a set of genetic variants which consistently influence gene expression in a given tissue. In a further step, these variants are extracted from classical GWAS datasets to predict their influence on relative gene expression eventually relevant to disease processes. Thus, correlating imputed gene expression to disease status appears to be appropriate to identify disease-associated genes [7] [8] [9] . It should be noted however that TWAS are not suited to extract information on gene expression alterations at the time of disease manifestation as the model building solely includes gene expression determined in healthy tissue. As a major feature, TWAS need less correction for multiple testing than eQTL analysis, mainly due to the fact that the calculations are based on several thousand genes instead of usually seven to twelve million genetic variants. In addition, TWAS involve potential combinatory effects of genetic variants, an invaluable benefit over approaches using simple single genetic variant models. Gamazon et al. (2015) proposed a gene-based association method termed PrediXcan to perform TWAS based on data of the Genotype-Tissue Expression (GTEx) project and respective individual genotype information from GWAS studies 8, 10 . The required prediction model weights of up to 48 different tissues can be downloaded through the website PredictDB (http://predictdb.org). TWAS based on individual genotypes identify disease-associated genes in known loci from GWAS, and also include genomic regions, which were initially not disease-associated as they did not reach genome-wide significance. This way, TWAS permit the detection of novel disease-associated genes.
TWAS data derived from various tissues are especially valuable for complex diseases with unknown underlying pathomechanisms. Although AMD pathology appears restricted to the posterior pole of the eye, several studies have highlighted systemic effects of AMD-associated genes [11] [12] [13] [14] [15] . To this effect, previous studies revealed a significant association of late-stage AMD with the genetic risk of 16 seemingly unrelated complex traits and diseases including psoriasis, rheumatoid arthritis and systemic lupus erythematosus as well as blood lipid levels 16 . To identify potentially differential expressed genes in AMD cases compared to controls, we performed a TWAS based on the individual level imputed expression data of 33,976 individuals and included models derived from 27 human tissues.
Results
Identification of genes associated with AMD genetics. The main objective of this study is to identify potentially relevant genes in AMD etiology. To this end, we conducted a TWAS based on the IAMDGC dataset 2 and applied the PrediXcan 8 algorithm based on genotype and phenotype data from 16,144 late-stage AMD cases (including clinical diagnoses of geographic atrophy and/or choroidal neovascularization), and from 17,832 AMD-free controls. The prediction models from 27 tissues were retrieved via PredictDB (number of samples per tissue between 134 and 421) and were implemented into our analysis. We imputed gene expression for each tissue separately and applied a linear regression model to identify late-stage AMD-associated genes based on the AMD status of each individual. After correction for multiple testing, we considered genes with a Q-value smaller than 0.001 to be significantly associated with AMD in the corresponding tissue ( Supplementary Fig. 1 ). This stringent threshold was chosen to avoid false positive results. In each tissue, a minimum of 11 (see "Brain Cerebellum" and "Heart Left Ventricle") and up to 28 (see "Adipose Subcutaneous" and "Nerve Tibial") AMD-associated genes ( Fig. 1 and Supplementary Table S1a,b) were identified (mean 17.63; SD 5.02). Altogether, 106 unique genes were significantly associated to AMD in at least one tissue. Of these, 88 genes are located in loci that are known to be AMD-associated with genome-wide significance ( Table 1 and Supplementary Table S1c) 2 . Moreover, 18 additional genes were not located in proximity (window size of 1MB) to any of the 52 independent hits identified by Fritsche et al. (2016) , and may represent novel AMD loci ( Table 2) .
Positive effect sizes point to predicted gene expression in healthy tissue being higher in AMD cases than controls, whereas negative effect sizes are indicative of decreased gene expression. The largest effect sizes ranged from −0.38 (ARMS2, Testis) to +0.35 (CFHR1, Liver). The mean absolute effect size across all AMD-associated genes ( Supplementary Table S1b ) was 0.035 (SD: 0.039). Four of the 106 genes showed remarkably higher absolute effect sizes in comparison to the remaining genes. These include the CFH-related genes CFHR1, 3 and 4 (positive effect sizes; higher gene expression in cases compared to controls) and ARMS2 (negative effect size; lower gene expression in cases compared to controls). Notably, ARMS2 gene expression is AMD-associated in all 14 predictable tissues, with a mean effect size of −0.098 (SD: 0.09) ( Supplementary Table S1c ).
Interestingly, 54 of the 106 genes were significantly AMD-associated in more than one of the 27 tissues interrogated. Sixteen genes (ADAM19, ARMS2, BTBD16, CFH, CFHR1, CFHR3, GPR108, PILRA, PILRB, PLA2G12A, PLEKHA1, PMS2P1, PPIL3, RDH5, STAG3L5P, and TNFRSF10A) were associated with AMD disease status in over 10 tissues, pointing to effects likely acting in systemic processes. Moreover, the predicted gene expression of three genes (PILRA, PILRB, and STAG3L5P) located within known AMD Locus 11 2 was significantly AMD-associated in nearly all tissues analyzed ( Supplementary Table S1c ). A total of 52 out of 106 genes were significantly AMD-associated in only one of the 27 tissues analyzed.
To further validate these findings, we tested the variants used for prediction of gene expression for their genome-wide significant association with AMD status. This analysis was performed for each gene-tissue pair of the 106 AMD-associated genes separately to allow for tissue dependency of the imputation models in gene expression (Supplementary Table S1b ). Many of the identified genes, which are located in loci known to be AMD-associated with genome-wide significance 2 , were associated with AMD status in several tissues. To facilitate interpretation, we had a detailed look at the prediction models of the tissues, which showed the highest absolute effect sizes ("strongest effect tissue") for each of the corresponding 88 genes. We observed that 66 of 88 genes harbor at least one genome-wide significant AMD-GWAS variant ( Supplementary Table S1c ). Interestingly, only for a single gene (KCNT2), all of the prediction model variants are also significantly associated with AMD. For 49 of the 66 genes less than 50% of the prediction model variants were AMD-associated with genome-wide significance. We further investigated if any of the prediction model variants for the 22 remaining genes showed a weak AMD-association signal in the GWAS of Fritsche et al. (GWAS P-value < 1 × 10 −04 ) 2 . This was the case for 20 genes, leaving AC006273.5 ("Skin not sun exposed suprapubic") and ZKSCAN1 ("Artery aorta"), which did not include any potentially AMD-associated variant ( Supplementary Table S1b ).
Moreover, we analyzed whether the 18 of 106 AMD-associated genes which are located in novel AMD loci, included variants with a sub-threshold AMD-association signal for gene expression prediction. This was true for 12 genes showing P-values below the threshold for suggestive association in the latest AMD GWAS (GWAS P-value < 1 × 10 −04 ) 2 ( Table 2 ). Network analysis of the 106 genes associated with AMD. To further explore the biological function of the 106 genes found to be associated with AMD status in this study, we performed an enrichment analysis based on gene ontology (GO) terms ( Supplementary Table S2a ). For 17 genes, no GO terms were found and no function had been assigned to the genes so far. This latter group contains eight pseudogenes, five long non-coding RNAs, and four protein coding genes (Supplementary Table S2b ). The other 89 genes are involved in a variety of biological pathways, of which eight are significantly enriched (adjusted P-value < 0.05). All eight significantly enriched pathways are related to either the complement pathway or to lipid related processes ( Fig. 2 ). Remarkably, we found two novel genes associated with AMD status acting in the complement pathway, namely CD55 and CR2, next to five complement genes in already established AMD loci (CFH, CFHR1, CFHR3, CFHR4, CFI) 2 . The enrichment of genes in lipid related processes is reflected by genes such as CETP, LIPC, PLTP and ABCA7. Supplementary Table S3 ). We compared these with our results from the present study to identify potential retina-specific effects. Nine of the 31 genes from Ratnapriya et al. (2019) were located within the MHC locus and thus were omitted from our further comparisons. Another 16 genes were AMD-associated in at least one of the 27 tissues within our study and therefore do not appear to reflect retina-specific effects. Furthermore, most of these 16 genes show the same effect direction in retina as in the other tissues tested in our study. There are two exceptions: (1) In retina, the predicted gene expression of HTRA1 was significantly lower in AMD cases than controls. This was also the case for the two tissues "Esophagus Mucosa" and "Esophagus Gastroesophageal Junction" in our study. In contrast, predicted HTRA1 expression was significantly higher in AMD cases than controls in five tissues (see "Thyroid", "Skin Sun Exposed Lower leg", "Heart Atrial Appendage", "Pituitary", and "Testis" in Supplementary Table S1b ). (2) Ratnapriya et al. (2019) predict PLA2G12A gene expression to be lower in AMD cases compared to controls in retinal tissue. In our study, PLA2G12A was predictable in 15 out of 27 tissues and significantly AMD-associated in 13 of these. In each of these 13 tissues gene expression of PLA2G12A is predicted to be consistently higher in AMD cases compared to controls.
Comparison to AMD TWAS of retinal tissue.
To summarize the retinal findings, six genes were AMD-associated exclusively in retina, but not in any of the 27 tissues investigated in our study. Among these, the long non-coding RNA STAG3L5P-PVRIG2P-PILRB and the uncharacterized gene RP11-644F5.10 (ENSG00000258311) were not measured within the GTEx dataset and therefore no conclusions can be drawn. The remaining four genes are expressed in several GTEx tissues, but were not AMD-associated in our study. MEPCE is a protein coding gene located on chromosome 7, and is known to be a 7SK methylphosphate capping enzyme 17 . Another gene, RLBP1, encodes the cellular retinaldehyde-binding AMD locus a Locus name a Chr AMD-associated genes in TWAS analysis b (Number of significant tissues (FDR < 0.001) and effect direction within tissues) c www.nature.com/scientificreports www.nature.com/scientificreports/ protein 1 using 11-cis-retinaldehyde or 11-cis-retinal as physiologic ligands. Two transcripts (PARP12 and CTA-228A9. 3 ) have not been characterized so far.
AMD-associated genes overlapping pleiotropic loci. More than half of the AMD-associated genes identified in this study (54/106) show a significant effect in multiple tissues and are not retina-specific. In addition, our network analysis demonstrates an enrichment of systemic processes such as an involvement in the complement cascade and the lipid metabolism. This raises the question whether AMD-associated genes may also be involved in the pathomechanisms of other complex diseases. We therefore expanded the study of Grassmann et al. (2017) and investigated a total of 91 GWAS studies covering 82 complex traits and diseases ( Supplementary  Table S4a ) 16 . First, we extracted the genome-wide significant independent lead variants (P-value ≤ 5 × 10 −8 ) for each complex trait or disease and added information about variants in LD from the 1000 G reference data (Fig. 3 ). Next, we defined R 2 loci for each GWAS lead variant by summarizing all variants in LD (R 2 > 0.5). Overlapping loci of different traits were merged to one larger locus. In classical GWAS approaches, genes in direct proximity to the lead variant are a priori candidate gene in the sense that such a gene gains high priority in having a functional role in the disease process. For this reason, we identified genes overlapping with R 2 loci and termed them potentially pleiotropic if the corresponding locus included lead variants of different complex traits and diseases. In a first approach, we added a window of additional 1 Mb up-and downstream to each R 2 locus in line with Predixcan, which also includes genetic variants within this range around genes 8 . We then merged overlapping 1 Mb loci and determined how many of the 106 AMD-associated genes were located within these loci. Altogether, 105 genes intersected with at least a single 1-Mb-locus. A total of 102 genes were potentially pleiotropic ( Supplementary Table S4b ). Additionally, 18,813 (77.14%) of the 24,388 predictable genes unique in at least one tissue were also located in these 1-Mb-loci. Such an outcome was due to the extensive size of the constructed loci (mean size: 4286.5 kb; SD: 2778.7) and made result interpretation inaccurate.
We therefore decided to generate R 2 loci (mean size: 143.1 kb; SD: 208.7) for further analysis. Some of the investigated traits shared variants due to the fact that the traits were exploring the same higher-level pathway as was the case for high-density lipoprotein (HDL) and low-density lipoprotein (LDL). To circumvent this issue, we manually assembled the 82 complex traits and diseases into 13 categories, such as complex eye diseases and traits, AMD, autoimmune diseases, cancer, cardiovascular diseases, metabolic traits, neurological diseases and others ( Supplementary Table S4a ). A total of 50 AMD-associated genes (47.17%) overlapped with at least one disease group R 2 locus, including 23 genes, which were potentially pleiotropic (Fig. 4A ). Regarding all 24,388 unique predictable genes, 3,846 (15.77%) overlapped with an R 2 locus. It is important to note that not all of the 88 AMD-associated genes in the reported AMD loci (Table 1) were also located within the R 2 loci of the AMD category. This is due to variants included into PrediXcan's prediction models expanding up to one Mb to each side of the start and end of a gene. Interestingly, genes which overlap with at least one R 2 locus are AMD-associated in more tissues than genes which are not localized within such a locus (Mann-Whitney-U-Test P-value 0.0053) (Fig. 4B) . Altogether, the 50 AMD-associated genes which are positioned in a GWAS locus of at least one trait overlap 51 times with a complex trait or disease category outside of AMD, with some genes being linked to www.nature.com/scientificreports www.nature.com/scientificreports/ multiple groups (Fig. 4C ). To test, if this overlap with R2 loci of complex traits or diseases is by chance only, we applied Fisher's exact test for count data using contingency tables including the 106 AMD-associated genes and the list of all 24,388 unique predictable genes.
Overall, 15 AMD-associated genes overlap with R 2 loci of neurological diseases (P-Value 7.65 × 10 −7 ), 10 genes with metabolic traits (P-Value 0.042) and nine genes with autoimmune diseases (P-Value 0.044). Furthermore, six genes share loci also associated with cancer (P-Value 0.076) and five genes intersect with loci significantly associated to organ function (P-Value 0.018) (Fig. 4C) . These data point to systemic and pleiotropic processes in which AMD-associated genes may be involved. Remarkably, only two out of 106 AMD-associated genes are linked to loci of complex eye diseases and traits, namely RDH5 and COL4A3. Almost one quarter (21.7%) of all AMD-associated genes identified in this study overlap with R 2 loci of two or more complex traits and diseases (Table 3 ). Three AMD-associated genes (BCAR1, CFDP1, and TMEM170A) residing within a locus on chromosome 16 (chr16:75233867-75516739), coincide with GWAS signals of six different trait groups, namely "organ function", "cancer", "neurological diseases", "autoimmune diseases", "metabolic traits", and "AMD".
Discussion
We performed a TWAS based on the individual data of 16,144 late-stage AMD cases and 17,832 non-AMD controls to further explore causative genes and pathways involved in AMD-associated processes. We predicted gene expression in 27 different tissues and identified 106 genes with significant association to late stage AMD status. An enrichment analysis revealed a significant accumulation of genes involved in the complement cascade and lipid metabolism. For example, gene expression of CFH and CFI, both regulators of the alternative complement pathway, was found AMD-associated in our study with negative effect sizes suggesting that the expression of these genes is lower in AMD cases than in controls. Consistent with this are earlier findings demonstrating lower complement Factor H (encoded by the CFH gene) levels in the sera of AMD patients [18] [19] [20] . Furthermore, the expression of negative regulators of CFH, specifically CFHR1, CFHR3, and CFHR4, is predicted to be upregulated in AMD cases, which consequently should lead to an increased complement activation.
Figure 2.
Enriched GO biological processes in 106 genes identified (adjusted P-value < 0.05). Enrichr was used to assign gene ontology (GO) terms for the 106 AMD-associated genes and to investigate enriched GO biological processes 60 . The eight significantly enriched processes are shown, clustered into the complement cascade and lipid-related processes. Genes are given for each process. Genes colored in green indicate those which were not identified previously in AMD-associated loci.
www.nature.com/scientificreports www.nature.com/scientificreports/ Our study also identified two genes (CD55 and CR2) in loci, which failed to reach genome-wide significance in previous AMD GWAS 2,21 Interestingly, the prediction models of both genes included variants which were AMD-associated in the latest AMD GWAS but below the threshold for suggestive association (GWAS P-value < 1 × 10 −04 ) 2 ( Table 2) . CD55 and CR2 are both predicted to be expressed at a lower level in AMD cases compared to controls. CD55 inhibits the C3-convertase and consequently regulates activity of the complement system 22 . Interestingly, homozygous mutations in CD55, known to results in loss-of-function, have been found in patients suffering from complement hyperactivation, angiopathic thrombosis, and protein-losing enteropathy (MIM 226300) 23 . While two studies measured CD55 expression in blood cells of AMD patients, they consistently failed to observe significant differences compared to healthy individuals 24, 25 . This is well in line with our current study which predicts CD55 expression to be AMD-associated exclusively in "Esophagus Muscularis", "Heart Atrial Appendage", and "Nerve Tibial", but not in "Whole Blood".
CR2 is a member of the complement activation regulator family and plays a role in the humoral immune response 26 . Polymorphisms in CR2 have been associated with susceptibility to systemic lupus erythematosus type 9 (MIM 610927) 27 . It is important to note that the models used for gene expression prediction in our study were based on normal tissue and therefore likely reveal general effects of gene expression regulation based on the respective genetic background. In general, our findings relating to complement genes support the hypothesis that the complement system is more active in AMD cases than in control individuals. It can be expected that such effects are occurring throughout an entire lifetime well before AMD manifestation. However, gene expression in a diseased tissue may ultimately be unpredictable and significantly different from gene expression in healthy tissue.
The second major finding evident from our list of 106 AMD-associated genes points to lipid metabolism pathways. LIPC encodes a protein called hepatic lipase (HL) and is AMD-associated exclusively in liver tissue. HL is secreted into the bloodstream regulating HDL concentration. Lower HL activity was observed to result in higher HDL levels in blood 28 . Our study predicted a higher gene expression of LIPC in AMD cases, which then would be expected to result in lower blood HDL levels. This is consistent with an earlier mega-analysis of eQTL in liver tissue which included four independent studies 5 .
Higher levels of HDL were shown in multiple studies to be associated with elevated AMD risk [29] [30] [31] . Our data suggest that lower predicted CETP expression is significantly associated with AMD in four tissues, but not in liver. As CETP deficiency leads to high HDL levels, this fits earlier findings, that increased HDL is associated with AMD risk 32, 33 .
The plasma phospholipid transfer protein (PLTP), encoded by another lipid related gene was AMD-associated in 10 out of 27 tissues and showed a mean effect size of 0.017 (SD: 0.006). Interestingly, PLTP was not associated with AMD in a previous GWAS but is located in AMD locus 31 2 . PLTP facilitates the transfer of phospholipids and cholesterol in-between lipoproteins. Reduced plasma PLTP activity was shown to cause markedly decreased HDL levels 34, 35 . It also plays a role in inflammatory processes and participates in the etiology of atherosclerosis 36, 37 . Remarkably, increased PLTP levels in plasma were identified as potential biomarker for AMD in a proteomics-based approach 38 . ABCA7, a gene also involved in lipid metabolism, was significantly AMD-associated in our study in lung and whole blood tissue. There is strong evidence that mutations in ABCA7 are involved in Alzheimer disease (AD-9) (MIM 608907) 39, 40 . Figure 3 . Work-flow for identification of pleiotropic genes. Genome-wide significant independent GWAS signals (P-value ≤ 5 × 10 −8 ) were extracted for 82 complex traits and diseases from the corresponding publications. Additionally, variants in LD for each of the independent GWAS hits were included in the analysis. Linked variants with R 2 > 0.5 demarcated the start-and stop-positions for a GWAS signal R 2 Locus. Overlapping loci were merged to identify potential pleiotropic genomic regions. The genes overlapping with at least one R 2 locus were identified.
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www.nature.com/scientificreports www.nature.com/scientificreports/ Taken together, two major pathways related to AMD pathogenesis, including complement activation and lipid-related processes, were identified through our gene enrichment analysis with both pathways well known in AMD research and thus greatly increasing confidence in the robustness of our data. It is of interest to note that the two pathways are the only significant findings in our study suggesting that the majority (96/106) of AMD-associated genes may function in a plethora of different processes.
As AMD is a disease of the choroid/Bruch's membrane/retinal pigment epithelium/photoreceptor complex, we conducted a separate TWAS based on retinal tissue 6 . Our initial expectation was to either find an enrichment of AMD-associated genes in the retinal tissue or to even identify a notable number of retina-specific genes implicated in AMD etiology. 16 out of the 22 AMD-associated genes identified in retina by Ratnapriya et al. 6 were also found in at least one non-retinal tissue in our study. This left six genes which potentially harbor a retina-exclusive effect. Remarkably, only one gene, namely RLBP1, reveals clear evidence to be causative for a disease of the retina such as Retinitis punctata albescens (MIM 136880) or rod-cone dystrophy (MIM 607476) [41] [42] [43] . Nevertheless, RLBP1 is expressed throughout all tissues of the human body 10 . Interestingly, a recent study regarding schizophrenia, obviously a brain related disease, revealed that 51 (48.1%) of 106 schizophrenia-associated lead variants are eQTL in brain tissue 44 . In contrast, only 9 (17.3%) of the 52 AMD lead variants regulate gene expression in the retina 6 . This observation leads us to the conclusion that changes in retinal gene expression can only partly explain GWAS association signals and that retinal gene expression per se is not a suitable criterion to suggest relevance for AMD pathogenesis. Nevertheless, so far no gene expression regulation data of the retinal pigment epithelium AMD-associated tissues per gene as identified by TWAS and overlap of genes with at least a single R 2 locus (Mann-Whitney-U-Test P-value 0.0053) (C) Trait groups shared by AMD-associated genes identified in this study (black) and by all predictable genes (grey). The latter have been scaled from in total 24,388 to 106 genes to enable a better comparability. "Other" include "Aging", "anthropometric traits", "Blood cells", "cardiovascular diseases", "Complex eye diseases and traits", "Lifestyle", and "Immune-related traits". Significance was assessed through a Fisher exact test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.
www.nature.com/scientificreports www.nature.com/scientificreports/ (RPE) or the choroid tissue are available. Data about these tissues might enable further conclusions about gene expression regulation at primary sites of AMD pathology.
Genes significantly associated with AMD in a multitude of tissues, like STAG3L5P, PILRB, PILRA, GPR108, and CFHR3, are likely to act in systemic processes although disease expression appears to be restricted to the posterior pole of the eye. Nevertheless, these genes may affect molecular processes possibly leading to other diseases besides AMD. This is supported by earlier studies associating the genetics of AMD with other complex traits and diseases 16, 45 . Here, we analyzed the 106 AMD-associated genes for intersection with pleiotropic genomic regions identified as GWAS R 2 loci for 82 complex traits and diseases. A striking 50 genes suggested in our study to have relevance to AMD pathology overlap with an R 2 locus affecting at least one other complex trait or disease. It should be noted that co-localization within a shared genomic locus is not a functional evidence as such, but genes overlapping with a lead variant or a corresponding variant in high LD are a priori excellent candidate genes possibly playing a role in disease etiology. Remarkably, 15 genes are located in R 2 loci of neurological diseases, including 8 genes related to AD, six genes in loci associated to migraine, and one gene overlapping a locus related to schizophrenia.
The findings in AD are of particular interest as AMD and AD share a number of similarities, particularly age-relatedness and pathological deposits in neurological tissue 46 . Correspondingly, beta-amyloid deposits, a hallmark of AD, are also found in retinal deposits of AMD, called drusen 45, 47 . Our data point to two AD-related loci which contain AMD-associated genes. One is positioned on chromosome 19 and contains ABCA7, which was www.nature.com/scientificreports www.nature.com/scientificreports/ linked to both diseases in earlier studies 40, 48, 49 . The other locus is on chromosome 7 and contains several genetically regulated genes which could be important for both diseases. These include the genes TSC22D4, NYAP1, PMS2P1, STAG3L5P, PILRB, PILRA, and ZCWPW1. Interestingly, some of these genes have already been investigated in the context of AD 50, 51 . Currently, it is not clear how the genes in this locus, which was first identified to be AMD-associated in 2016, contribute to AMD etiology 2 . It should be noted that one and the same locus is named differently in AMD-and AD-related research, namely PILRB-PILRA (AMD) or ZCWPW1 (AD) 2, 52 .
Less is known about the six AMD-associated genes overlapping with an R 2 locus of migraine. Interestingly, HTRA1 which is intensively investigated in AMD is mutated in CARASIL syndrome (MIM 600142), the latter known to be preceded by migraine 53, 54 . Furthermore, 10 AMD-associated genes overlap with R 2 loci of metabolic traits and 9 genes intersect with GWAS loci involved in autoimmune diseases. Both findings are in line with our gene enrichment analysis and are intensely discussed in current research 11, 12, 30, 55 . Noteworthy, our results do not support the previously identified genetic relationship of AMD and cardiovascular disease (CAD), as only a single AMD-associated gene (ULK3) overlaps with an R2 locus of CAD 16, 56 . However, this does not preclude the possibility that genetics of AMD and CAD may be linked due to effects other than gene expression regulation. Finally, a remarkable observation is that our analysis identified only two genes, namely RDH5 and COL4A3, which overlap with GWAS loci of complex eye diseases and traits except AMD. Unfortunately, drawing conclusions on the direction of effects remains challenging due to the fact that our findings are based on genomic positions and GWAS signals.
In conclusion, genetically based regulatory effects on gene expression represent a lifetime influence. Our TWAS study identified 106 genes with expression predicted to be AMD-associated in at least one of 27 tissues. The disease-associated expression of genes points to various pathways and mechanisms potentially relevant for AMD etiology and other overlapping complex traits and diseases. Future studies, searching for AMD treatment options or for strategies to prevent AMD, should therefore strongly consider that AMD-associated genetics suggests to alter gene expression throughout the whole body and that these mechanisms are likely involved in a spectrum of other common diseases of mankind.
Methods

Study samples and genotype data. The genotypes and phenotypes from 33,976 individuals with
European ancestry were retrieved from the IAMDGC consortium (see "Data availability statement"). We included the genotypes from 16,144 late-stage AMD cases, presenting with geographic atrophy and/or choroidal neovascularization, and from 17,832 AMD-free control individuals. Detailed inclusion and exclusion criteria as well as comprehensive information about genotype quality control and imputation procedure are given elsewhere 2 . For gene expression imputation, we used the genotype information of 11,722,957 autosomal genetic variants. As PrediXcan does not accept missing values, genotypes have been transformed to an allele dosage format and missing genotypes of single individuals were filled by the most frequent corresponding genotype.
TWAS analysis.
We used the PrediXcan algorithm to predict gene expression based on genotype information 8 . Gamazon et al. provided prediction models (available through PredictDB; http://predictdb.org/) trained on the data of European individuals within the GTEx Version 7 release (GTEx-V7_HapMap-2017-11-29.tar. gz) 57 . For 27 of 48 tissues, genotype and gene expression data of more than 130 individuals (between 134 and 421) were available for prediction model building ( Supplementary Table S1a ). We applied PrediXcan for each of these 27 tissues to predict individual level gene expression of the IAMDGC cohort. We then used R 58 to calculate the linear regression of predicted gene expression with AMD and control status. Additionally, we adjusted the model for gender, age and the first two principal components of the genotype PCA performed by Fritsche et al 2 .
To account for multiple testing, we adjusted the P-values of all 181,536 tests using the false discovery rate (FDR) 59 . Genes located within the major histocompatibility complex (MHC) locus (chr6: 28,477,797-33,448,354, hg19) were excluded from our analysis due to its highly complex association structure. Remaining genes with a Q-value smaller than 0.001 were considered to be significantly AMD-associated.
Network analysis.
Enrichr was used to assign gene ontology (GO) terms to our list of AMD-associated genes and to investigate enriched GO biological processes 60 .
Identification of pleiotropic loci. We investigated AMD-associated gene intersections with loci, which are known to be associated with other complex traits and diseases. To this end, we searched PubMed (www.pubmed. gov) for GWAS of human traits and diseases, which (1) included primarily individuals of European descent and (2) were published prior to November 2016. Detailed inclusion and exclusion criteria for GWAS studies are given elsewhere 16 . After quality control, we included 82 different traits and diseases into our further analysis (Supplementary Table S4a ,c). We extracted the genome-wide significant (P-value ≤ 5 × 10 −8 ) and independent GWAS signals and extended them by extracting variants in LD using the 1000 G reference data 61 . The entirety of linked variants (R 2 > 0.5) was used to define start-and stop-positions for every GWAS signal R 2 -Locus. Next, we merged overlapping loci to identify potential pleiotropic genomic regions. We then extracted all ensemble annotated genes and annotations (version 90) 62 and mapped them to the beforehand identified trait-associated loci. Each gene was subsequently assigned to the corresponding trait if the genomic position overlapped to the R 2 -Loci.
Statistical evaluation. All bioinformatical analysis steps were conducted using either the Unix command line or the R programming language. Gene expression imputation based on genotypes of the IAMDGC dataset was performed via PrediXcan. PrediXcan applied LASSO, elastic net and the simple polygenic score based on all tissues of the GTEx project to generate a gene expression prediction model for each gene per tissue. Details about the model building process and the quality control measures are given elsewhere 8 . After gene expression imputation for each of the 27 investigated tissues, we applied a linear regression model to correlate gene expression with AMD status. Thereafter, we adjusted P-values for multiple testing using a stringent FDR setting. The number of investigated genes per tissue and accordingly the number of conducted tests are shown in Supplementary  Table S1a . We chose a Q-value threshold of 0.001 to minimize the probability to identify false positive genes. A list of all significantly AMD-associated genes (Q-value < 0.001) is provided in Supplementary Table S1b .
For the network analysis, Enrichr outputs an adjusted p-value to evaluate significance of enriched processes. This is based on a score calculated by multiplying the log p-value computed by the Fisher exact test with the z-score of the deviation from the expected rank by the Fisher exact test 60 .
To determine the significance of the overlap of AMD-associated genes with the R 2 loci, we applied Fisher's exact test for count data based on the gene list of interest in comparison to all 24,388 unique predictable genes in at least one tissue outside the MHC locus. This was achieved by creating contingency tables and analyzing them with the fisher.test function in R.
Ethics approval and consent to participate. Twenty six international study groups contributed DNA samples from a total of 33,976 individuals with and without AMD disease (IAMDGC), as previously described 2 . Approval was obtained from each participating site by their respective local ethics review board and informed written consent was obtained from each patient 2 . At each site, the study strictly adhered to the tenets of the Declaration of Helsinki.
Consent for publication. Not applicable.
Data availability
The dataset used in this study was retrieved from the IAMD consortium and compiled information from 16,144 people with late-stage AMD and 17,832 control individuals without AMD. Data permitted for sharing by respective institutional review boards (13,379 late stage AMD subjects and 16.246 AMD-free controls) are available at the database of genotypes and phenotypes (dbGaP) 63 under the accession number phs001039. Publicly available data from genome-wide association studies (GWAS) of human diseases and traits were extracted from the respective publications. The relevant PubMed identifiers of those publications are listed in Supplementary Table S4a . The prediction models for gene expression imputation are available through PredictDB (http://predictdb.org).
